Abstract. Low-Z particle electron probe X-ray microanalysis (low-Z particle EPMA) shows powerful advantages for the characterization of ambient particulate matter in environmental and geological applications. By the application of the low-Z particle EPMA single particle analysis, an overall examination of 1800 coarse and fine particles (aerodynamic diameters: 2.5-10 µm and 1.0-2.5 µm, respectively) in six samples collected on 28 April-1 May 2006 in the marine boundary layer (MBL) of the Bohai Sea and Yellow Sea was conducted. Three samples (D1, D2, and D3) were collected along the Bohai Bay, Bohai Straits, and Yellow Sea near Korea during an Asian dust storm event while the other three samples (N3, N2, and N1) were collected on non-Asian dust (NAD) days. Based on X-ray spectral and secondary electron image data, 15 different types of particles were identified, in which soil-derived particles were encountered with the largest frequency, followed by (C, N, O)-rich droplets (likely the mixture of organic matter and NH 4 NO 3 ), particles of marine origin, and carbonaceous, Fe-rich, fly ash, and (C, N, O, S)-rich droplet particles. Results show that during the Asian dust storm event relative abundances of the (C, N, O)-rich droplets and the nitrate-containing secondary soil-derived particles were markedly increased (on average by a factor of 4.5 and 2, respectively in PM 2.5−10 fraction and by a factor of 1.9 and 1.5, respectively in PM 1.0−2.5 fraction) in the MBL of the Bohai Sea and Yellow Sea, implying that Asian dust aerosols in springtime are an important carrier of gaseous inorganic nitrogen species, especially NO x (or HNO 3 ) and NH 3 .
Introduction
The Asian dust storm event is a seasonal meteorological phenomenon that mostly originates in the deserts of Mongolia and Northern China and Kazakhstan (Sullivan et al., 2007) . Nearly every spring, usually from March to May, Asian dust aerosols will be carried eastward by strong winds and pass over Eastern China, North and South Korea, Japan, open seas and oceans, and even arrive in the United States (Bishop, et al., 2002; Zhao, et al., 2008) . During longrange transport, Asian dust aerosols can react with a diversity of chemical species, coagulate with other particles, and/or provide reaction sites in the atmosphere, so that they potentially carry many chemical species along with the original soil components, and the physical and chemical properties of the dust particles may change (Hwang et al., 2008) . These change/coagulation processes affect the optical and hygroscopic properties of Asian dust particles, which are related to important but uncertain direct impacts on climate change, radiative budget, and possibly rainfall patterns (Ramanathan, et al., 2001; Jickells et al., 2005; Su et al., 2008) , and they also affect the cycles and chemical balances of important trace gases (e.g. SO 2 , NO x , O 3 ), acid deposition, and the pH of precipitation (Sullivan et al., 2007) . Thus, increasing attention has been devoted to the study of modification of the physicochemical properties of Asian dust particles during long-range transport. It was observed that Asian dust aerosols collected in Korea experienced reactions with NO x and SO 2 so that a number of nitrate-or sulfatecontaining particles such as NaNO 3 , Na 2 SO 4 , Ca(NO 3 ) 2 , and (NH 4 ) 2 SO 4 were encountered (Hwang and Ro, 2006; 6934 H. Geng et al.: Elevated nitrogen-containing particles observed in Asian dust aerosol samples mainland China (from the source area to Chinese coastal regions), Asian dust particles have been reported to undergo significant chemical modifications through mixing with sea salts or reacting with anthropogenic air pollutants (Fang et al., 1999; Ma et al., 2001; Wang et al., 2007; Lin et al., 2008) .
Through "bulk" and "single-particle" analyses, the chemical compositional characteristics of Asian dust aerosol particles in the regions surrounding the Yellow Sea have also been investigated Hwang and Ro, 2006; Zhang et al., 2007) , but few reports have been published on compositional modification of aerosol particles in the marine boundary layer (MBL) of the Bohai Sea and Yellow Sea during Asian dust storm events. Owing to a lack of the direct observations, some conclusions on the interactions among mineral Asian dust, sea salts, and anthropogenic air pollutants (e.g. ammonium, and sulfur or nitrogen oxides species) in the MBL had to rely on speculation to some extent (Jeong and Park, 2008; Nishikawa et al., 1991; Park et al., 2003) . Jeong and Park (2008) suggested that the favorable areas for gas (e.g. SO 2 , NO x ) -aerosol interaction during Asian dust storm events were the downstream regions where relative humidity is relatively high. Nishikawa et al. (1991) attributed the increase of concentrations of SO 2− 4 and NO − 3 in coarse mode particles over Japan to the interactions between gaseous acidic species and Asian dust particles over the marine area. From the observations that SO 2− 4 and NO − 3 were produced on the surface of Asian dust particles collected in Japan, but hardly formed on those particles over Beijing and Qingdao, China (Zhang and Iwasaka, 1999; Zhang et al., 2003; Fan et al., 1996; Ma et al., 2001) , Park et al. (2003) suggested the higher concentrations of particulate SO 2− 4 and NO − 3 at Gosan, Korea, were generated during the transport of dust storms over the Yellow Sea. Therefore, it is critical and necessary to investigate the morphology and chemical composition of individual particles in the MBL of the Bohai Sea and Yellow Sea during Asian dust storm events in order to better understand the compositional modification of Asian dust aerosols in the atmosphere over China, Korea, and Japan.
Asian dust particles are chemically and morphologically heterogeneous (Wang et al., 2009) . Their "average" compositions and aerodynamic diameters could be obtained by "bulk" analysis, but the exact aerosol mixing state and the chemical micro-processes in (or on) aerosol particles have been unambiguously determined by the application of single particle measurements (Tsuji et al., 2008) . A recently developed electron probe X-ray microanalysis (EPMA) technique, named low-Z particle EPMA, shows powerful advantages for the characterization of environmental and geological single particles (Ro et al., 2001a . By the application of the technique, the particle size distribution and the quantitative chemical compositions of individual particles have been obtained without a complicated sample pretreatment process, and many environmentally important atmospheric particles, e.g. sulfates, nitrates, ammonium, and carbonaceous species have been at least semi-quantitatively elucidated (Ro et al., 2000 . Even the reaction process of Asian dust and sea salts with NO x or SO 2 species were observed (Hwang and Ro, 2006) . Hence, herein, low-Z particle EPMA was utilized to examine the morphologies and chemical compositions of aerosol particles (including Asian dust aerosols) collected on a commercial ferryboat plying between Incheon, Korea and Tianjin, China from 28 April to 1 May 2006.
The objective of the present study is to characterize single aerosol particles collected in the MBL of the Bohai Sea and Yellow Sea in the springtime, and to investigate the influence of an Asian dust storm event on their compositional characteristics and relative abundances.
Materials and methods

Samples
Six sets of aerosol samples were collected on a ferryboat plying between the seaports of Incheon, Korea, and Tianjin, China. The sampling locations along the navigation route are shown in Fig. 1 . The first sampling location (for samples D1 and N3) is on the Bohai Sea near the Tianjin seaport, representing the windward place where aerosols are influenced mostly by the continental outflow from mainland China; the second location (for samples D2 and N2) is at the demarcation area between the Bohai Sea and the Yellow Sea, which is regarded as a relatively clean marine environment (Feng et al., 2007) ; the third location (for samples D3 and N1) is on the Yellow Sea near the Incheon port, which is a leeward place where ambient aerosols are influenced by air masses from the Seoul-Incheon metropolitan area as well as from mainland China and the marine environment. Samples N1, N2, and N3 were collected when the ferryboat travelled from Kyonggi-man (near the Incheon port) to the Bohai Straits, and to the Bohai Bay (in the west of the Bohai Sea) on 28 and 29 April 2006 (Table 1) . The other three samples D1, D2, and D3 were collected on 30 April and 1 May 2006 when the ferry returned from Tianjin to the Incheon seaport while an Asian dust storm event originating from Mongolia and northeast China was occurring (Fig. 2) . In this work, Asian dust samples are designated as D1, D2, and D3 and non-Asian dust (NAD) samples designated as N1, N2, and N3.
The sources of aerosol particles for different samples were inferred through backward air-mass trajectories that were calculated via the HYbrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model at the National Oceanographic and Atmospheric Administration (NOAA) Air Resources Laboratory's web server (http://www.arl.noaa.gov/ ready/hysplit4.html), as shown in Fig. 3 . The air masses for samples D1, D2, and D3 mostly originated from Mongolia and northeast China, unlike those for N1 (air masses stayed around 36 h over the Yellow Sea), N2 (air masses at receptor heights of 300 m, 500 m, and 1000 m originated from Note: Samples N1, N2, and N3 were collected on non-Asian dust (NAD) days while D1, D2, D3 were collected during an Asian dust storm event. northeastern, eastern, and southeastern China, respectively), and N3 (air masses at heights of 300 m and 500 m originated from central and southern China and those at 1000 m were mainly from western China).
Particles were collected on Ag foils by a three-stage cascade Dekati PM 10 impactor with aerodynamic cut-off diameters of 10 µm, 2.5 µm, and 1.0 µm at a 10 L/min of flow rate. The impactor was set at the highest location on the ferryboat prow, about 15 m distant from sea level. For each sample, sampling durations varied to obtain an appropriate number of particles without overloading. The collected samples were put in plastic carriers, sealed, and stored before EPMA measurements. The stage 2 and 3 particles (2.5-10 µm and 1.0-2.5 µm size range, respectively), designated as "PM 2.5−10 fraction" and "PM 1.0−2.5 fraction" for convenience, were measured and analyzed.
EPMA measurement
The low-Z particle EPMA measurement was carried out on a Hitachi S-3500N environmental scanning electron microscope equipped with an Oxford Link SATW ultra-thin window energy-dispersive X-ray spectrometry (EDX) detector. The resolution of the detector was 133 eV for Mn-K α X-ray. The X-ray spectra were recorded under the control of EMAX Hitachi software. A 10 kV accelerating voltage, 1.0 nA of beam current, and a typical measuring time of 10 s were employed to ensure a low background level of spectra, a good sensitivity for low-Z element analysis, and statistically sufficient counts in the X-ray spectra (Ro et al., 1999 
Data analysis
The size and shape of each individual particle were input in the quantification procedure and the net X-ray intensities of the elements were obtained by non-linear least-squares fitting of the collected spectra through the AXIL program (Vekemans et al., 1994) . A Monte Carlo calculation combined with reverse successive approximations was applied to determine the particles' elemental concentrations on the basis of the X-ray intensities (Ro et al., 2003) . For standard particles, the quantification procedure provided results accurate within 12% relative deviations between the calculated and nominal elemental concentrations, except for C and K where the characteristic X-rays overlap with those from the Ag substrate (Ro et al., 2001b) . The formula concentrations and the group distributions were rapidly and reliably determined by the "expert system" program (Ro et al., 2004) .
Results and discussion
Classification of individual particles based on their X-ray spectra and secondary electron image (SEI)
A brief explanation of the classification rules used to classify all the measured particles follows below. First, a particle is regarded as being composed of just one chemical species if this species accounts for at least a 90% atomic fraction, in which case the particle with one chemical species is regarded as a "pure" particle. Second, efforts were made to specify chemical species even for particles internally mixed with two or more species. Since many different types of internally mixed particles were identified, mixture particles were grouped on the basis of all the chemical species with a >10% formula fraction. Third, elements with an atomic concentration of less than 1.0% are not included in the procedure of chemical speciation because elements at trace levels cannot be reliably investigated (Ro et al., 2000 (Ro et al., , 2001a . On the basis of the above criteria, all the measured particles were classified into 15 types based on their X-ray spectral and SEI data, as shown in Fig. 4 and Table 2 . The characteristics of each particle type are described below.
(1) Primary and secondary soil-derived particles Primary soil-derived particles are those emitted directly from sources such as quarrying, agricultural harvesting, and entrainment of soils by the wind. Aluminosilicate (AlSi)-containing, quartz (SiO 2 ), and calcite (CaCO 3 )/dolomite (CaMg(CO 3 ) 2 ) particles are the representative types, which usually appeared as irregular and bright on their SEIs (Fig. 4) . The primary soil-derived particles can readily interact airborne sulfur and nitrogen oxides, especially in the presence of moisture (Lan et al., 2005; Hwang and Ro, 2006) . These reaction or mixture products of primary particles with "secondary acids" were termed as secondary soilderived particles (Sullivan et al., 2007) , and mainly included "reacted CaCO 3 /CaMg(CO 3 ) 2 " and "aluminosilicate + (N, S)". (N, S) notation represents compounds containing either nitrates, sulfates, or both. The secondary aluminosilicate particles can be formed either through the reaction of cation ions in aluminosilicates with H 2 SO 4 and/or HNO 3 , or from adsorption of NH 4 NO 3 or NH 4 HSO 4 /(NH 4 ) 2 SO 4 on particle surfaces that act as a reaction place for airborne NH 3 and H 2 SO 4 (or HNO 3 ) (Sullivan et al., 2007) , e.g. particles #3, #7, #12, #21, #28, #39, #44, #48, #51, #58, #84, and #88 in in smaller AlSi-containing particles for Asian dust samples, possibly attributable to their reactions with air pollutants (e.g. SO 2 , NO x ).
(2) Genuine and reacted sea-salt particles
The sea is also a major source of primary particles. Sea salt aerosols (SSA) mainly produced by wave action are ubiquitous in the MBL and can significantly impact particulate matter concentrations in coastal regions (Oum et al., 1998; Athanasopoulou et al., 2008) . The genuine sea salt particles, e.g. particles #6, #8, and #10 in Fig. 4 , are regarded to be generated from the fresh marine-derived particles without experiencing chemical reactions after being emitted into the air by the bursting of air bubbles entrained in breaking waves (i.e., bubble bursting or sea spray process) (de Hoog et al., 2005) . Genuine sea salt particles can react with nitrogen and sulfur oxides species in the atmosphere to form reacted (or aged) sea salts, resulting in chlorine loss (sometimes without remaining chloride if they are completely reacted) (McInnes et al., 1994; Gard et al., 1998; Laskin et al., 2003) , e.g. particles #2, #18, #60, and #67 in Fig. 4 . Often, it was observed that the reacted sea salts were mixed with primary or secondary soil-derived particles (e.g. particles #19, #59, #61, #64, #71, and #82 in Fig. 4 ). They were formed by two possible mechanisms, i.e., (a) collisions of reacted seasalt and soil-derived particles in the atmosphere (Andreae et al., 1986) ; (b) in-cloud processes through droplet coalescence (Fan et al., 1996) . These particles were classified into the group of "reacted sea salts & mixture," which possibly included components such as NaCl, NaNO 3 , Na 2 SO 4 , MgSO 4 , MgCl 2 , and Mg(NO 3 ) 2 , with minor inclusions of aluminosilicate, CaSO 4 , or Ca(NO 3 ) 2 . A substantial portion of sea salt particles were collected as water droplets which can be inferred from the morphology. Some sea salt particles appear as a group of particles scattered over a circular dark pattern, e.g. the genuine sea salt particles such as particles #6, #8, #10 and reacted sea salt (& mixture) particles such as particles #2, #18, #59, #61, #64 in Fig. 4 . These sea salt particles were possibly collected as a fresh droplet from sea spray, spread over the collecting substrate, and dried out into small crystalline particles. Some sea salt particles have typical cubic shape of sea salts, e.g., the reacted sea salt (& mixture) particles #23, #67, and #71 in Fig. 4 , indicating that these particles were likely collected as single particles and the crystalline shape was well preserved.
It is worth noting that the majority of genuine sea salt particles contained some oxygen that perhaps came from the NaOH shell around the NaCl (Laskin et al., 2003) . Since NaOH is very hygroscopic, the sea salt particles will form an alkaline hygroscopic coating that has liquid-like properties as they dry out. NaOH is generated at the air-solution interface by photolysis of O 3 , followed by its reaction with water vapor. The surface reaction of ozone is expressed as the following equation (Oum et al., 1998) :
(3) Carbonaceous particles
The carbonaceous particles are divided into two types based on SEI and the contents of C, N, and O. One is carbon-rich particles, which are defined as those particles wherein the C and O atomic concentrations are more than 90% and the content of C is 3 times larger than that of O (Ro et al., 2000) . They have complex morphologies such as fractal-like chain structures (e.g. soot aggregates -one of the most abundant forms in urban aerosols), separate spherules (e.g. tar balls), and irregular-shaped carbons (e.g. char) (Chen et al., 2005a) . In the present study, no identifiable, separated particles of soot agglomerate and tar ball were encountered, suggesting that the aerosols in the MBL had quite different characteristics from those in an urban environment. Alternatively, it may have been because the soot and tar balls were normally below 1 µm in diameter so that the Dekati PM10 impactor Note: (1) Particle classification was based both on SEI and element contents from X-ray data. Elements with atomic concentration less than 1.0 % were neglected.
(2) (N, S) notation represents the compounds containing nitrates, sulfates, or both. failed to collect them. It was reported that a large number of small secondary aerosol particles (aerodynamic diameter <1 µm) in ambient aerosol samples were soot inclusions and about 90% of the soot inclusions had a size of 20-250 nm (Vester et al., 2007) . Only a handful of char particles were observed (11 of 900 in PM 2.5−10 fraction and 3 of 900 in PM 1.0−2.5 fraction), e.g. particles #16, #35, and #79 in Fig. 4 . They were probably derived from the pyrolysis and oxidation of fuel particles, and had compact and irregular-shaped morphologies that were related to the nature of the fuel, the fuel/air ratio, and the combustion temperature (Chen et al., 2005a, b) . The second type of carbonaceous particles is organic carbons, which have high C and O contents, sometimes with minor N, P, S, K and/or Cl, e.g. particles #37, #75, and #91 in Fig. 4 . They are mostly from combustion or of biogenic origins (Jurado et al., 2008) . The simultaneous presence of minor N, K, P, S, and/or Cl with C and O is considered to be a "biogenic fingerprint" (Ro et al., 2002) , e.g. particle #75. Relatively few biogenic particles were encountered in the collected samples. It is likely that the majority of organic compounds came from the products of combustion (resulting from biomass burning, automotive or industrial sources) in the surrounding area, or resulted from the oxidation of volatile organic compounds (Jurado et al., 2008) . Besides, crude oils spilled on the surface of the sea from tanker ships or cargo vessels could not be excluded .
(4) Droplet particles rich in (C, N, O) and (C, N, O, S)
Two types of droplet particles have to be paid particular attention. One is rich in (C, N, O) and the other is rich in (C, N, O, S). They have similar morphology (dark shades) in the SEI due to low secondary and backscattered electron yields. The droplet particles rich in (C, N, O), likely the mixture of organic matter and NH 4 NO 3 , often include minor (less than 6 at.%) Na and Mg that possibly come from seawater, but without S, e.g. particles #32, #45, #50, #55, #56, #57, #63, #68, #72, #78, #89, #90, and #92 in Fig. 4 and Table 2 . They are abundant in nearly all the samples. However, the droplet particles rich in (C, N, O, S), which seem to be a mixture of organic matter and NH 4 HSO 4 /(NH 4 ) 2 SO 4 (also sometimes with minor Na and Mg), were observed only in PM 1.0−2.5 fraction of samples N1 and N2. Since NH 4 NO 3 and NH 4 HSO 4 /(NH 4 ) 2 SO 4 are hygroscopic, they can be readily mixed with seawater droplets containing Na and Mg in the MBL, making the particles become droplets. The reaction of NH 3 with HNO 3 produces NH 4 NO 3 particles with D p <1 µm, and the thermodynamic equilibrium between HNO 3 and NH 4 NO 3 strongly depends on ambient temperature and relative humidity (Miyazaki et al., 2005) . However, the (C, N, O)-rich droplet particles observed in the present study often had sizes larger than 1 µm, suggesting that the relative humidity in the ambient air was relatively high, causing the particles to be collected as droplets.
Carbon-rich or organic matter contained in these particles likely originated from crude oils spilled on the surface of the sea, marine organisms, or the "humic-like substances (HULIS)" in seawater. HULIS, which mostly come from biomass burning or are of biogenic origin, have high contents of carbon and oxygen (Krivacsy et al., 2008) . Vester et al. (2007) reported that the significant fraction of aerosol particles in the size range of 0.1-10 µm aerodynamic diameter collected at an urban background station in Germany is composed of secondary aerosol particles in droplet shape mainly containing ammonium, nitrate, sulfate, and organics. The droplet particles rich in (C, N, O) or (C, N, O, S) that we observed here are likely a part of the complex secondary aerosol particles as they reported.
(5) Fe-rich, fly ash, and other species particles
Fe-rich particles have irregular shapes on the SEI and usually contain more than 20 at.% of Fe element species, e.g. particles #11, #41, #66, and #85 in Fig. 4 and Table 2 . Their major type is iron oxide/hydroxides, the main sources of which are metallurgical processes, traffic, and coal combustion (Ro et al., 2002) . These Fe-rich particles possibly come from the surrounding cities and steel factories near the coast.
Fly ash is a powdery material made up of tiny glass spheres that consists primarily of silicon, aluminum, iron, and/or calcium oxides. It is formed by mineral transformation in hightemperature combustion processes and has longer residence periods in the atmosphere. The fly ash particle tends to be small and spherical, has a bright and circular shape on SEI images, and is easily distinguished, e.g. particles #4, #47, #80, and #86 in Fig. 4 . Large quantities of fly ash are generated by coal combustion for electric utilities and power plants (Chen et al., 2004) .
The particles that could not be classified into any of the above fourteen types were put in the category of "other species." They included TiO x , CuO x , MgO, and (O, Cl)-and (C, N, Cl)-rich particles with low encounter frequencies, e.g. particles #24, #29, #38, #69 and #74 in Fig. 4 . It is possible that the particle rich in (O, Cl) is AgCl or AgO in which Ag + failed to be distinguished due to the disturbance of the substrate. The particle rich in (C, N, Cl) is the mixture of organic matter and NH 4 Cl, which is probably the reaction product of NH 3 with HCl. The major sources of NH 3 are animal waste, fertilizer, soil emissions, and industrial emissions (Sorooshian et al., 2008) , and HCl is likely a result of the reaction of NaCl from sea salts with HNO 3 (or H 2 SO 4 ) (Sullivan et al., 2007) .
Effects of an Asian dust storm event on particle abundances
Effects on relative abundance of soil-derived particles
As shown in Table 4 , the primary soil-derived particles in which AlSi-containing particles greatly outnumber SiO 2 and CaCO 3 have higher relative abundance in PM 2.5−10 fraction than in PM 1.0−2.5 fraction (on average, 43.8% vs. 14.0% for Asian dust samples, and 46.9% vs. 26.2% for NAD samples), in contrast to the secondary soil-derived particles (24.2% in PM 2.5−10 fraction vs. 46.9% in PM 1.0−2.5 fraction for Asian dust samples, and 19.2% vs. 37.3% for NAD samples), indicating that the fine soil-derived particles in the atmosphere are more prone to reacting or mixing with air pollutants or "secondary acids" than are the coarse ones, which agrees with the results from Table 3 . Along the Bohai Bay, the Bohai Straits, and Yellow Sea, the relative abundances of primary soil-derived particles in both PM 2.5−10 and PM 1.0−2.5 fractions gradually decrease, suggesting the presence of a deposition or composition-modifying process affecting these particles during transport. Based on the observation that the relative abundances of secondary soil-derived particles for Asian dust samples on the Yellow Sea (D3: 30.0% in PM 2.5−10 and 62.0% in PM 1.0−2.5 fraction) outweigh those for NAD samples (N1: 12.0% in PM 2.5−10 and 32.0% in PM 1.0−2.5 fraction), the Asian dust storm event seems to increase secondary soil-derived particles in the MBL of the Yellow Sea. The possible reasons are: on one hand, anthropogenic SO 2 and NO x in the MBL of the Yellow Sea are abundant, providing more chances for these chemicals to react with the mineral dust; on the other hand, air masses passing over northeast China (Fig. 3) carry mineral dusts that have already reacted with "secondary acids," since a large amount of SO 2 and NO x are emitted in that region (Hatakeyama et al., 2005) . Nitrogen-containing particles provide essential nutrients for ocean life through wet and dry atmospheric depositions . However, excessive supply of nitrogen nutrition (e.g., the atmospheric deposition of organic nitrogen, ammonium, and nitrate) leads to eutrophication in the oceanic, coastal, and shelf regions (Bergstrom and Jansson, 2006) . Fig. 5a shows that in nearly all the samples, the secondary soil-derived particles containing nitrates are the most frequently encountered, followed by those containing both nitrates and sulfates, and then those containing sulfates. This suggests that a large amount of nitrogen-containing particles are deposited into the Bohai Sea and Yellow Sea.
It was reported that Asian dust storm events provide a removal mechanism for NO x (or HNO 3 ) and perhaps contribute to nitrogen deposition in the Yellow Sea (Wu and Okada, 1994) . In the present work, the amount of nitratecontaining, soil-derived particles is found to be higher in the Asian dust samples than in the NAD samples. Moreover, the amount of such particles increases from the Bohai Sea to the Yellow Sea, peaking at 44.7% in PM 1.0−2.5 fraction and 26.7% in PM 2.5−10 fraction (sample D3), whereas the amount of such particles in the NAD samples tends to decrease (Fig. 5a) . The results suggest that airborne NO x (or HNO 3 ) rather than SO 2 (or H 2 SO 4 ) is prone to react with the primary supermicron alminosilicate, SiO 2 , and CaCO 3 particles; or, the mass concentration of NO x in the MBL of the Yellow Sea might be higher than the mass concentration of SO 2 . In addition, photochemistry, sink processes, and a number of other factors also play important roles in the formation/decomposition process of nitrate-or sulfate-containing particles (Sullivan et al., 2007; Hwang et al., 2006) . The decreasing trend for the sulfate-containing secondary soilderived particles both in the Asian dust and in the NAD samples from the Bohai Sea to the Yellow Sea (Fig. 5a) indicates that the impact of NO x on soil-derived particles is larger than that of SO 2 in the MBL near the Seoul-Incheon metropolis.
Effects on the relative abundance of marinederived particles
The Asian dust storm event reduced relative abundances of coarse sea salt particles. In PM 2.5−10 fraction, not only the genuine sea salt particles but also the reacted sea salt (& mixture) particles exhibited lower encounter frequencies in the Asian dust samples than in the NAD samples (Table 4) . In PM 1.0−2.5 fraction, genuine sea salt particles were not observed for either type of sample, and there was no significant difference in the average abundances of reacted sea salt (& mixture) particles between the Asian dust and NAD samples. This indicates that the Asian dust storm event had a greater impact on big sea salt particles than on small ones.
Marine particles can react with SO 2 and NO x to produce Na 2 SO 4 and NaNO 3 particles, respectively (Laskin et al., 2003) . In our previous studies, it has been convincingly demonstrated that the low-Z particle EPMA technique can clearly distinguish "genuine" (either in the form of NaCl or a mixture of NaCl and MgCl 2 ) from "reacted" sea salts (mostly nitrate and/or sulfate of sodium and/or magnesium) (Hwang and Ro, 2006) . Herein, the reacted sea salts (& mixture) were classified into 3 types, i.e. nitrate (N)-containing, sulfate (S)-containing, and both nitrate and sulfate (N+S)-containing types. Figure 5b shows that the reacted sea salt (& mixture) particles in PM 1.0−2.5 fraction have a similar distribution at the three sampling locations for the Asian dust and NAD particles. Namely, (N+S)-but (S)-containing particles are more abundant in the samples collected in the Bohai Straits than in those collected on Bohai Bay and the Yellow Sea, which is in contrast to the case for (N)-containing particles, which are more abundant in the samples collected on the Bohai Bay and the Yellow Sea. (N+S)-containing particles from the Bohai Straits greatly outnumber (N)-or (S)-containing particles from the Bohai Straits. In PM 2.5−10 fraction, the relative abundances of (N+S)-containing particles for the Asian dust samples tend to decrease from the Bohai Sea to the Yellow Sea, whereas those for the NAD samples tend to increase, suggesting that the Asian dust storm event reduced the coarse (N+S)-containing sea salts (& mixture) in the MBL of the Yellow Sea.
On normal (non-Asian dust) days, air pollutants from Eastern China take 1-2 days to arrive at the Korean peninsula (the width of the Yellow Sea between Eastern China and the Korean peninsula is 350 km-700 km), with the air masses passing through the Yellow Sea. This means that there is enough time for SO 2 to be oxidized into H 2 SO 4 or SO 2− 4 and to interact with sea salt aerosol particles, resulting in the elevation of reacted sea salt (& mixture) concentrations in the MBL of the Yellow Sea. However, during the Asian dust storm event, higher wind speeds and lower relative humidity possibly hindered the transformation of SO 2 into H 2 SO 4 or SO 2− 4 , therefore leading to fewer (S)-containing and (N+S)-containing particles. In addition, the presence of dimethylsulfide (DMS) in the seawater might complicate the discussion regarding the reaction of sea salt particles with anthropogenic NO x and SO 2 in the MBL. DMS, which is produced by marine microbiota and is the most abundant volatile sulfur compound emitted into the atmosphere from the ocean, can be oxidized to form various sulfur containing products, such as SO 2 , methanesulfonic acid (MSA), and non-sea salt SO 2− 4 (nss-SO 2− 4 ) (Yang et al., 2009 ). An investigation of the spatial distributions of atmospheric DMS and the sea-to-air flux of DMS in the North Yellow Sea, China, reported the reduction of the concentrations of DMS from inshore to offshore sites in the surface water, revealing the indirect effects of DMS on the aerosol compositions in the MBL (Yang et al., 2009 ).
Effects on the relative abundances of droplet particles rich in (C, N, O) and (C, N, O, S)
The (C, N, O)-rich droplet particles were frequently encountered both in PM 2.5−10 and PM 1.0−2.5 fractions, and greatly outnumbered the (C, N, O, S)-rich droplet particles that were only encountered in PM 1.0−2.5 fraction (Table 4) . For the NAD samples, the relative abundances of (C, N, O)-rich droplets increased from Bohai Bay to the Yellow Sea. This is not unexpected, given that emissions of anthropogenic pollutant precursors are plentiful around the Yellow Sea, and that the relative humidity in the MBL is high, therefore providing favourable conditions for the gas-aerosol interaction and for the nitrate-ammonia interaction to form NH 4 NO 3 on the aerosol (Pandey et al., 2008) . Moreover, the relative abundances of (C, N, O)-rich droplets in the Asian dust samples were significantly elevated over those of the NAD samples (on average 20.0% vs. 4.4% in PM 2.5−10 fraction and 20.4% vs. 10.2% in PM 1.0−2.5 fraction), suggesting that the NH 4 NO 3 -containing particles increased in number when the Asian dust passed over the MBL. The observation that no (C, N, O, S)-rich droplets were encountered in the Asian dust samples implies that the Asian dust storm event reduced the formation of NH 4 HSO 4 /(NH 4 ) 2 SO 4 -containing droplets. It is likely that, on one hand, NH 4 HSO 4 /(NH 4 ) 2 SO 4 was more difficult to form than NH 4 NO 3 did during the Asian dust storm event, or the formation of ammonium sulfate/bisufate might be suppressed as sulfuric acid was taken up by mineral particles (Zhang et al., 1999 (Zhang et al., , 2003 , and that, on the other hand, NH 4 HSO 4 /(NH 4 ) 2 SO 4 particles were too small in diameter (<1 µm) to be collected by the Dekati PM 10 impactor.
Effects on the relative abundances of carbonaceous, Fe-rich, fly ash, and other species particles
Overall, the Asian dust storm event reduced the relative abundances of carbonaceous particles (1.1% for the Asian dust samples vs. 4.0% for the NAD samples in PM 2.5−10 fraction and 0.9% vs. 4.5% in PM 1.0−2.5 fraction) (Table 4) . A possible explanation is that the Asian dust mostly originated from the desert and Gobi, carrying a high abundance of mineral dust but not organic compounds (Hwang et al., 2008) . Fe-rich and fly ash particles are not frequently encountered in either the NAD or the Asian dust samples in the MBL ( Table 4 ). The Asian dust samples had higher abundances of both coarse and fine fly ash particles and lower abundances of coarse Fe-rich particles than did the NAD samples. The fly ash particles in the Asian dust samples may have come from east and northeast China (Fig. 3) , where there exist several large coal-fired power plants.
In all the samples, only 14 (C, N, Cl)-rich particles were encountered. They had low relative abundances except in PM 2.5−10 fraction of sample D2, which was collected in the MBL of the Bohai Straits. This type of particle has high atomic concentrations of C, N, and Cl, and is likely the mixture of NH 4 Cl and organic matter. The release of HCl (g) from acidified sea salt particles (caused by reaction with H 2 SO 4 or HNO 3 ) could result in elevated concentrations of HCl (g) available for reaction with dust particles or NH 3 (Sullivan et al., 2007) .
Possible mechanisms for the elevation of nitrogencontaining particles during an Asian dust storm event
Geographical traits, meteorological conditions, and air mass origins exert significant influences on the chemical compositions of aerosol particles. In this study, it was observed that the Asian dust storm event that occurred on 30 April and 1 May 2006 particularly elevated the relative abundances of secondary soil-derived particles containing nitrates and droplet particles rich in (C, N, O). Overall, the relative abundances of these particles gradually increased in the MBL from Bohai Bay to the Bohai Straits and the Yellow Sea.
In conclusion, inorganic nitrogen-containing particles in the MBL of the Bohai Sea and the Yellow Sea were enhanced during the Asian dust storm event. The possible reasons are described below. The Yellow Sea, a semi-enclosed marginal sea of the Northwest Pacific Ocean, joins the Bohai Sea to the north through the Bohai Straits. The aerosols in the MBL of the Bohai Sea and the Yellow Sea are influenced by air masses mostly from mainland China and the Korean peninsula. Inevitably, these aerosols will be also affected by mineral dust and air pollutants carried by Asian dust aerosols. The transport route of a dust storm plays an important role in the effect. In the present study, it is noticeable that the pathway of air masses for sample D3 was different from that of air masses for samples D1 and D2, although they all originated from Mongolia and northeast China (Fig. 3) . The air masses at heights of 300 m, 500 m, and 1000 m for sample D3 passed over North Korea and the Seoul-Incheon metropolis (while those for samples D1 and D2 just passed over Northern China and the Bohai Sea) and stayed for a shorter period on the sea. Consequently, sample D3 seems to have been more strongly influenced by landmass and metropolis environments than by marine environments, in contrast to samples D1 and D2. This may be why sample D3 contained more secondary soilderived species and (C, N, O)-rich droplets.
In East Asia, due to rapidly growing agricultural, livestock-farming, and industrial activities, particularly in China, the concentrations of NH 3 and NO x species have rapidly increased, leading to a large amount of NH 4 NO 3 being formed in the East Asian atmosphere (e.g., over the Yellow Sea) (Kim et al., 2006) . Large amounts of NH 3 are emitted from regions of high agricultural activity and livestock farming (e.g., Shandong, Anhui, Jiangsu, Henan, Sichuan, and Hebei provinces, China), whereas NO x is largely emitted from urban areas (e.g., the Seoul, Beijing, and Shanghai areas) (Kim et al., 2006) . The mean NO 2 values at roadsides in Seoul (60 ppb or so) and Incheon (45.4 ppb) were higher than those in other cities such as Greater Manchester in the UK (33.2 ppb), Rotterdam in the Netherlands (20.8 ppb), Munich in Germany (17.2 ppb), and Stockholm in Sweden (15.1 ppb) (Pandey et al., 2008) , providing favorable atmospheric conditions for particulate nitrate formation in the atmosphere. Song et al. (2009) reported that NH 3 concentrations in the Seoul atmosphere were also high, ranging from 0.7 ppbv to 13.6 ppbv with an average of (4.7±2.1) ppbv, and they attributed high concentrations of NH 3 to the catalytic converters of automobiles. Hence, it is not unexpected that the air masses passing over the Seoul-Incheon metropolis can carry a large amount of NH 4 NO 3 . Indeed, Miyazaki et al. (2005) found that particulate nitrate transported from the Asian continent to the western Pacific region was mostly in the form of NH 4 NO 3 . The conversion of NH 3 from gas phase to aerosol phase will reduce its dry deposition rate, allowing long-range transport of this nitrogen-containing species.
The anthropogenic NO x emitted from mainland China and the Korean peninsula may outweigh the SO 2 in the MBL of the Bohai Sea and the Yellow Sea, or it may be that NH 4 NO 3 is more favorably generated and observed in the springtime than (NH 4 ) 2 SO 4 /NH 4 HSO 4 , as inferred from theobservations of many (C, N, O)-rich but not (C, N, O, S)-rich droplet particles and of many nitrate-containing but not sulfate-containing secondary soil-derived particles. Aerosols collected in Asia are different in their chemical compositions from those in Europe and North America because in Asia more coal and biomass is burned, leading to a sharp increase in NO x emissions and an excess of NO 2 concentrations, especially in the atmosphere over China (Richter et al., 2005) . NO x emissions are expected to continue to increase (Akimoto, 2003) . At the same time, due to a reduction in industrial coal use and the execution of a series of strict environmental protection policies in China, SO 2 emissions are expected to decline, resulting in a reduction in acid deposition in China and even in Japan (Carmichael, et al., 2002) . In the spring, Asian dust storms originating in the deserts of Mongolia and China make their way to populated cities, adding dust components to the urban aerosols. In the Asian Pacific Regional Aerosol Characterization Experiment (ACEAsia), it was observed that there were few "pure" particles and a lot of calcium-rich particles coated with secondary nitrates; such nitrate-coated particles unexpectedly outnumbered those coated with secondary sulfates, indicating that the Asian dust storm studied in that experiment carried a variety of nitrogen-containing pollutants along with the minerals (Erickson, 2002) . Tang et al. (2004) also reported that higher concentrations of sulfate were prevalent in the interior of China, while nitrate and ammonium were maximal at the east coast. The higher NO x and lower SO 2 emissions in the coastal region might lead to the formation of a large amount of inorganic nitrogen-containing particles.
Conclusions
Six sets of aerosol samples were collected in the Marine Boundary Layer (MBL) of the Bohai Sea and the Yellow Sea from 28 April 2006 to 1 May 2006 using a three-stage cascade Dekati PM10 impactor. Samples D1, D2, and D3 were collected during an Asian dust storm event whereas samples N1, N2, and N3 were collected on non-Asian dust (NAD) days. Overall, 1800 coarse and fine particles (aerodynamic cutoff diameters: 2.5-10 µm and 1.0-2.5 µm, respectively) were analyzed using a quantitative single particle analytical technique called low-Z particle EPMA. Based on the X-ray spectral and SEI data, 15 types of particles were characterized. For all the samples, soil-derived particles (alminosilicates, SiO 2 , and CaCO 3 ) were the most abundantly encountered, followed by (C, N, O)-rich droplet particles (likely the mixture of organic matter and NH 4 NO 3 ), marine particles, and then carbonaceous, Fe-rich, fly ash, and (C, N, O, S)-rich droplet (likely the mixture of organic matter and NH 4 HSO 4 /(NH 4 ) 2 SO 4 ) particles. During the Asian dust storm event, primary soil-derived particles decreased and secondary particles, especially those containing nitrates, increased. Moreover, the relative abundance of the (C, N, O)-rich droplet particles was elevated in both PM 2.5−10 and PM 1.0−2.5 fractions, and the abundances of carbonaceous and (C, N, O, S)-rich droplet particles were reduced. The results imply that Asian dust aerosols were an important carrier of gaseous inorganic nitrogen-containing species (within 1.0-10 µm), especially NO x (or HNO 3 ) and NH 3 , in the MBL of the Bohai Sea and the Yellow Sea. Considering the potential increases in the emissions of NO x and NH 3 in the coastal cities of mainland China and Korea, the influences of nitrate and ammonium on the biogeochemistry of the Bohai Sea and Yellow Sea are expected to be further enhanced.
